Metal and metal alloys are critical components of high-tech applications. Beryllium (Be), chromium (Cr), and nickel (Ni) are among the most economically important metals for high-tech applications because of their extraordinary physical properties. These metals pose two different problems for workers who work with them: 1) allergic contact dermatitis from exposure to Cr and Ni, which is widely accepted to account for a significant percentage of occupational skin irritations and 2) possible systemic sensitization from skin contact with airborne Be. Proper assessment of skin contact with allergenic metals during work is difficult. Current practices for the assessment of skin exposure are to either remove a sample of material from the skin surface or to intercept a sample of the material using a substrate such as cotton gloves or cloth patches. Upon collection, the metal content of the sample is dissolved completely using strong acids, followed by analysis using atomic spectroscopy. While this analytical approach is chemically valid (i.e., nitric acid and hydrochloric acid to dissolve beryllium, (NMAM 7303), a major shortcoming of this approach is that the masses of metals are reported without consideration of the bioaccessible (i.e., available for absorption) form and mass. The bioaccessible (water-soluble) form of these metals is of utmost concern because it is the form that can be readily absorbed through the upper layer of the skin and into the immunologicallyactive layer of the epidermis. This study investigated the extraction of bioaccessible forms of Be, Cr, and NI under physiologically relevant conditions as an alternative to acid-assisted digestion procedures in current use. Simulated human sweat was used to extract and quantify Be, Cr, and Ni metals in their bioaccessible forms. Specifically, this study evaluated the influence of simulated sweat contact time and skin temperature on the dissolution of Be, Cr, and Ni powders. Results from this study will be used to define the optimal simulated human sweat conditions for the dissolution of metal sensitizers into their bioaccessible forms for exposure assessment.
Introduction
Metal and metal alloys are critical components of high-tech applications. Beryllium (Be), chromium (Cr), and nickel (Ni) are among the most economically important metals for high-tech applications because of their extraordinary physical properties. For example, Be metal is light, highly machinable, and quickly dissipates heat, making it useful in applications such as military jet navigation and brake systems and aerospace (e.g., space craft structural members). Chromium and nickel, because of their electronegativities, are used to passivate the stainless steel and metal alloys used in biomedical applications. These metals pose two different problems for workers who work with them: 1) allergic contact dermatitis from exposure to Cr and Ni, which is widely accepted to account for a significant percentage of occupational skin irritations and 2) systemic sensitization from skin contact with airborne Be, which upon subsequent inhalation exposure and development of a lung burden may lead to chronic beryllium disease . Given the allergic nature of these responses, it is prudent for workers to avoid skin contact with these metals thereby minimizing the opportunity for developing or eliciting an immune reaction.
Proper assessment of skin contact with allergenic metals during work is difficult. Current practices for the assessment of skin exposure are to either remove a sample of material from the skin surface or to intercept a sample of the material using a substrate such as cotton gloves or cloth patches. Upon collection, the metal content of the sample is dissolved completely using strong acids, followed by analysis using atomic spectroscopy. While this analytical approach is chemically valid (i.e., nitric acid and hydrochloric acid to dissolve beryllium, (NMAM 7303), a major shortcoming of this approach is that the masses of metals are reported without consideration of the bioaccessible (i.e., available for absorption) form and mass. The bioaccessible (water-soluble) form of these metals is of utmost concern because it is the form that can be readily absorbed through the upper layer of the skin and into the immunologicallyactive layer of the epidermis.
This study investigated the extraction of bioaccessible forms of Be, Cr, and NI under physiologically relevant conditions as an alternative to acid-assisted digestion procedures in current use. Simulated human sweat was used to extract and quantify Be, Cr, and Ni metals in their bioaccessible forms. Specifically, this study evaluated the influence of simulated sweat contact time and skin temperature on the dissolution of Be, Cr, and Ni powders. Results from this study will be used to define the optimal simulated human sweat conditions for the dissolution of metal sensitizers into their bioaccessible forms for exposure assessment. Time and pH data will aid in understanding the variability in human responses to skin contact with metal sensitizers and to inform efforts to identify optimal conditions for future bioaccessibility studies.
Literature Review
An exhaustive literature search returned many published documents that discuss bioaccessibility and several that investigate bioavailability of metals in the gastrointestinal tract and across cadaver or surgical waste skin. However, few articles pertaining to the dissolution of hard metal sensitizers into a bioaccessible state were found. The articles below detail the studies conducted and the relevant physiological skin conditions. Understanding how metal sensitizers respond to contact with human skin important when assessing actual exposures. Bioaccessibility is the ability of a substance to traverse the skin barrier. For metal sensitizers, water-soluble valence states represent the bioaccessible form (Forte et al., 2008 The possible contribution of skin exposure to beryllium sensitization has been recognized for 50 years. Curtis (1951) reported that soluble salts, such as the beryllium fluoride and beryllium sulfate contained in dust that had settled onto the exposed skin. The particles on the face, neck and upper extremities, were quickly dissolved by sweat. This resulted in dermatitis, ostensibly caused by ionic beryllium ).
At present there is limited data on nickel release from small nickel particles in simulated sweat (Midander, 2007) . Midander investigated the bioaccessibility of Ni in the EN1811 formula, (0.5 wt% sodium chloride, 0.1 wt% lactic acid, 0.1 wt% urea and normal ultrapure water, (not aerated as described in the standard), the pH of the solution was adjusted to 6.5 using 0.1 wt% ammonia solution. The samples of Ni powder and 7.5mL of sweat were then incubated at 30°C for the 5 different time durations, (0.5, 1, 4, 8, 12hrs). Midander found that Ni had reached a steady state of dissolution for the lower masses, (0.1, 0.5, 1, 3mg/cm 2 ). However, steady-state was not reached for the 5 mg/cm 2 sample. Conversely, Midander did not represent known physiological conditions in the study.
The data support that under the influence of human sweat, pure cobalt, nickel and chromium will release metal ions that may cause allergic contact dermatitis (Julander, 2009 ). Julander examined the dissolution of metal discs in sweat formula EN1811 at the time points 2-minutes, 1-hour, 1-day, and 1-week. The 1-day and 1-week exposure times seem too long to be relevant to an occupational setting. Julander also used 30°C and pH6.5 as the simulated physiological conditions which do not represent the mean skin surface environment. Cobalt, nickel and chromium were released by all discs (n=7) at concentrations that increased with time in the simulated sweat. Among healthy adults, skin pH is 4.2 to 6.1 (Agache, 2004a) , with median of pH 5.3 (Stefaniak and Harvey, 2006) . On the skin surface, temperature varies from 33 to 45 °C, depending upon the anatomical site, with a median whole-body temperature of 36 °C (Stefaniak and Harvey, 2006) . Note that the anatomical regions of interest for this study (finger tips, palms) have temperatures near 33 °C (Agache, 2004) , which is lower than the median whole-body value.
It is postulated that under physiologically relevant conditions metals may ionize and so permeate the skin (Larese/Filon, 2004 ). Filon used a Franz cell system in all of her studies to assess the skin permeability of metal ions dissolved in simulated sweat. The formula of sweat used was similar to the EN1811 formula. All studies were performed at 32°C to approximate the temperature of the human hand. Permeation of the metals across a skin membrane was measured by removing aliquots of 1.5mL of the sweat solution from the sample cup at the ends of hours 2, 4, 8, 16, 18, 20, 22 , and 24. The initial time points of the study represent typical occupational exposure situations. However, a 10-hour study is more representative of the duration of time that contaminants may contact skin (Day et al., 2009 ). Filon found that nickel dissolved in the sweat formula she used, but chromium did not.
Research using a more physiologically relevant formula of simulated sweat could return different results.
The current practice for analysis of dermal exposure samples containing metal sensitizers is to digest in strong acid and high heat. However, that analysis provides no insight into the fraction of the sample that could dissolve into a form capable of crossing the human skin barrier. This 'bioaccessible' form of the metal sensitizer is of paramount importance because that is the only soluble form capable of traversing the skin barrier. Furthermore the dissolution conditions of the human body are far from pH 1 and 95°C. Issues of bioaccessibility and bioavailability are not restricted to dermal exposure research. Extensive research has been done in the gastrointestinal (GI) environment to access the bodies' susceptibility to exposure to metals during ingestion. Bioaccessibility is greater than bioavailability for metals in both gastrointestinal compartments (Ellickson et al., 2001 Understanding of occupational skin exposures to multiple metal sensitizers remains poor.
There is little methodological guidance in terms of the assessment of such exposure, the combined toxicological mechanisms, or risk to health (Day, 2009 ).
This study investigated the optimal physiological conditions for dissolution of beryllium, chromium and nickel to their bioaccessible form in simulated human sweat. Specifically this research will address the gap in understanding of the optimum time and temperature conditions needed to properly assess the bioaccessible fraction of the contaminant. This fraction is important when assessing the dermal exposure of a worker because emerging evidence suggests that the skin is an important route of exposure that leads to respiratory disease upon subsequent inhalation exposures ( 
Materials and Methods
All studies were performed at the NIOSH Laboratory in Morgantown, WV. All samples were analyzed by Bureau Veritas North America (BVNA) Laboratories in Novi, MI. BVNA is the contract analytical laboratory for NIOSH and all samples must be analyzed by them unless they are unable to complete the analysis.
Study Powders
The characteristics of the powers used are important when interpreting the results of the experiments. The bulk Be metal powder was sampled from a primary production facility (Hoover et al. 1989) found to have an elevated prevalence of sensitization (Kreiss et al., 1997) . The bulk Chromium Carbide (Cr 3 C 2 ) and Ni powders were taken from containers of feedstock materials at a "hard metal" manufacturer (Stefaniak et al. 2007 ). The test powder particle sizes range from a mean diameter of 2.6-micrometer clusters of Cr 3 C 2 , to the 3.2-micrometer diameter particles of Be metal, to the 4.0-micrometer diameter clusters of Ni metal. Figure 1 summarizes all the characterization of the properties all of the test powders. These chemical properties of the powders were evaluated using powder X-ray diffraction (crystallinity) and Xray photoelectron spectroscopy (surface elements and bonding states). Physical properties of the particles were evaluated using scanning electron microscopy (morphology, particle size), helium pycnometry (density), and nitrogen gas absorption (surface area).
Surface chemistry = BeO, Be 
Simulated Sweat
This study consisted of two experiments, (Extraction Time and Effects of Temperature on Bioaccessibility), both of which use a simulated sweat whose composition mimics human sweat constituents, concentrations, pH, and temperature (Stefaniak and Harvey, 2006) . The formula and procedures for the composition of the simulated sweat are described in Appendix I.
Experiment 1 (Extraction Time) Methods
The dissolution kinetics of Be, Cr, and Ni in simulated sweat were investigated to identify the most appropriate extraction time for each. A static dissolution technique (Stefaniak et al., 2005) was used for this experiment (Appendix II). Each individual sample chamber was loaded with about 5 mg of the tested powder by constructing a filter "sandwich" with the tested powder between two Millipore Nitrocellulose 0.025 µm filters held together by a dissolution chamber, (see Figure 2 ).
Figure 2. Dissolution Chamber
The chambers were then immersed in 80 mL of simulated human sweat (Stefaniak and Harvey, 2006 ) in a pre-sterilized sample cup (T 0 ). The design of the chamber allows for free contact of the filter sandwich with the simulated sweat with only the outer few millimeters of the edge clamped in the chamber and thus unavailable. The solution was changed out at the time points designated in Table 1 . These time-points were chosen in order to observe any changes in dissolution rate within the first few hours and to ensure sample that results would be above LOD. Between change-outs the sample chambers were incubated at 36°C, the median temperature for human skin. The Cr and Ni samples were stabilized by adding 2mL of 25% Nitric Acid before they were frozen at -10°C to await analysis (Larese/Filon et al, 2004 . Three samples of each powder were prepared for each experiment. The metal content of each sample was analyzed using NIOSH Manual of Analytical Methods (NMAM) 7303 Inductively Coupled Argon Plasma, Atomic Emission Spectroscopy, (ICP AES). All statistical analyses were performed using SAS version 9.1 (Cary, North Carolina). For each experiment, the mass fractions of material remaining, (M/M 0 ) were plotted versus time (t). Either a single-or a multiple-component negative exponential function was fitted to the data by the SAS model (see Figure 3) . 
……………………….. (1)
The second exponential term accounts for any shift in the dissolution kinetics, (see Figure 3) , resulting from the transition from small particle dissolution to large particle dissolution. …………………………. (2) Starting values for the NLIN model (i.e., Equation 3) were based on previous research by Stefaniak (2010) . The models were allowed to run for up to 500 iterations to reach convergence or until no further improvement in reaching the convergence criteria was observed. Whether to use the one component or two component model was determined using model convergence and the F-ratio test comparing the model with two components to the model with one component. The slope and intercept of the best fit line were used to calculate the dissolution kinetics, (rate constant and half-time), of the test metal.
………………………….. (3)

Experiment 2 (Effects of Temperature on Bioaccessibility) Methods
As stated earlier, human skin surface temperature varies from 33°C to 45°C with a median whole-body value of 36°C (Stefaniak and Harvey, 2006) . Generally, appendages such as fingers and toes tend to be cooler than the trunk and head. During exercise the skin surface temperature increases to promote evaporation. These variations in skin surface temperature could have an effect on the amount of material that dissolves in human sweat. To investigate this, samples were prepared and analyzed in the same manner as Experiment 1. However, for this experiment there were two separate incubators: one set to 33°C and the other set to 45°C. All other facets of the testing remained the same as Experiment 1. The sweat for each changeout was equilibrated to 45°C or 33°C before it was added to the sample cups to avoid any rampup or step-down time needed for temperature equilibration. The change-outs were performed at the times listed in Table 1 .
All statistical analyses were performed as was done for Experiment 1, and the data was compared to Experiment 1 (sweat temperature 36°C, pH 5.3) by analyzing the data together with temperature as the covariate to quantify differences in dissolution kinetics with the three temperatures. This is intended to reveal the most optimal of the three physiological temperatures for dissolution of each metal, (Be, Cr, Ni), into its bioaccessible form.
Results and Discussion
All but three samples returned measurable results above the LOD. The final time points of the nickel samples at 33 and 36°C did not return values above the LOD, and thus were excluded from the analysis. Dissolution of Be was greater than Ni or Cr in all experiments.
Experiment 1
For a few samples the NLIN model did show convergence for the two component model. However, the differences in the values compared to the single component model were so small that they were not physiologically meaningful. Table 2 summarizes the dissolution half-times and rate constants for all the studied metals for each temperature. The half-times for all temperature conditions for Beryllium were similar but in the hundreds of days range. The half-times for Chromium and Nickel for all conditions were in the thousands of days and the rates of dissolution varied by roughly 1 order of magnitude among the materials. For Be and Cr, k-values were generally not influenced by temperature. In contrast, dissolution of Ni was influenced by temperature; the rate was faster at 45°C. This roughly 3-fold observed increase is consistent with Hemingway and Molokhia (1987) who also observed an approximately 3 fold increase in dissolution rate for every 10°C increase in sweat temperature. 
Nickel 36°C
Nickel Extra-fine A Nickel Extra-fine B Nickel Extra-fine C Average An Analysis of Variance (ANOVA) statistical comparison of the temperature rate constant data was performed on each material. The Be and Cr 33°C and 45°C conditions were grouped together with the 36°C condition being slightly statistically different. The Ni data differed with the 33° and the 36°C conditions in the same group and the 45°C statistically different, (see Table 3 ). All tables and graphs from statistical analysis can be seen in Appendix III. The difference in k-values within a given material is quite small. However, as seen in Table 3 they are statistically significant with p-values less than 5%. However, these differences are not large enough to be of physiological concern. A k-value of 1E-7 was the chosen for beryllium dissolution in sweat as a representative value. The k-value chosen for Chromium was 5E-9
because no large differences in dissolution rates were noted for any of the conditions. The kvalues for Ni at 33°C and 36°C were similar and representative of dissolution on the skin under light work load conditions. As seen in Figures 7a and 7b the Ni 45°C graph shows a noticeably sharper rate of decline than the 33°C graph. Although the total amount dissolved was quite small, there was a discernable difference in the Ni dissolution rate at 45°C. This temperature condition would be more representative of dissolution on the skin during a heavy work load or hot work conditions. Current analytical protocols for dissolution of metals prior to analysis list test conditions that differ greatly from human skin conditions. Table 4 shows these difference in mean skin conditions and the conditions of sample analysis via the acid dissolution in method NIOSH Manual of Analytical Methods (NMAM) 7303. These differences may produce overestimates of exposure if "mass dissolved into solution" at those conditions is reported without considering bioaccessibility. It is widely accepted that the bioaccessible form of a metal is the form that can penetrate the skin and contribute to the dose. However, dermal exposure samples are currently analyzed using conditions chosen to dissolve all the metal into solution. 
Nickel 45°C
Nickel Extra-fine A Nickel Extra-fine B Nickel Extra-fine C Average not represent the exposure potential on the skin. The major concern for Be is the amount of dissolved penetrating the skin to initiate sensitization. Also, it has been shown that under the influence of human sweat, pure cobalt and nickel, as well as many alloys containing cobalt, nickel, or chromium will release metal ions at rates sufficient to initiate sensitization and upon repeat exposure elicit allergic contact dermatitis (Julander 2009 ).
Particle composition, (a chemical property), and simulated sweat fluid characteristics (e.g., composition, pH) influence particle dissolution rates, and thus bioaccessibility. For a given combination of particle chemical form and biological fluid, there will be a unique k value. For example, the value of k for Be metal differs among sweat, airway lining fluid, and macrophage phagolysosomal fluid. Conversely, k of "Be metal" in these three solvents differs from k of Be in the same solvents (Stefaniak 2008 ).
Human sweat is a variable composition of electrolytes, ionic constituents, organic acids and carbohydrates, amino acids, nitrogenous substances, and vitamins. It is also comprised of differing quantities of nitrous oxide and oxygen with a median pH of 5.3. Historic and current simulated sweat formulations vary in sweat constituent identity and concentration, pH, and oxygen content under which they are used to estimate chemical dissolution on human skin ). This variability is of concern as it could cause differences in dissolution kinetics thus resulting in a misrepresentation of exposures. At present there are no studies comparing the dissolution behavior of the test metals in the different formulas of simulated sweat.
A set of standardized parameters that are representative of human skin surface conditions are needed to evaluate the bioaccessibility of metal contaminants on human skin. 
Conclusions
The results of these dissolution studies demonstrated that Be, Cr, and Ni have dissolution halftimes of hundreds of days or more, see Table 2 . These times are much longer than reported exposure times in workplace studies. With the exception of Ni, dissolution rates of materials were not influenced by sweat temperature within the 33°C to 45°C range studied. Thus, a proposed set of physiological relevant conditions for these metal sensitizers are time=10hours, (to ensure inclusion of the longer shifts), and temperature= 36°C for light to moderate work. For Nickel an extraction temperature of 45°C is appropriate for moderate to heavy work.
Recommendations
Ten hours should be selected as the appropriate dissolution period because most workplace skin contact times will be 10 hours or less.
The temperature used for dissolution studies of Be and Cr should be 36°C because no differences were observed with the varying temperatures within the range of 33°C to 45°C, the range of skin temperatures during work. Nickel should be extracted at 45°C if heavy work is present to account for the difference in dissolution rates at the higher temperature.
Limitations
This study measured the dissolution of the test metals in the formulation of simulated sweat described in Appendix II. The results of this study could vary with different formulas of simulated sweat. Furthermore, the formulation of the test sweat may be different from human sweat for some or all populations.
The dissolution chambers used in this study represent a simplistic simulation of conditions on a sweaty skin. On the skin surface there are many dynamic processes occurring that are very complex and cannot be replicated in the lab. Sweat rate causes variability because not only will particles dissolve but they could also be washed off the skin surface by the sweat. Skin contact time varies because touching contaminated surfaces could result in deposition on skin or removal from skin. Variability can also be caused by loading, the amount of material deposited on the skin. Those limitations of the chambers could affect the dissolution kinetics.
This study provides insight into the dissolution kinetics of the tested metal powders. The dissolution is dependent on particle distribution and characteristics of the sample. The results could vary if powders with different physicochemical properties are tested.
13. The amounts of some chemical constituents in the table are too small to be weighed accurately on the balance or dispensed by our pipets, necessitating modification of the protocol. If necessary, prepare the following stock solutions: a. Sodium Iodide: make concentrated solution by dissolving 0.010g NaI in 0.050L water; pipet appropriate volume into beaker b. Sodium Fluoride: make concentrated solution by dissolving 0.025g NaF in 0.050L water; pipet appropriate volume into beaker c. Sodium Bromide: make concentrated solution by dissolving 0.015g NaBr in 0.050L water; pipet appropriate volume into beaker d. Cadmium Chloride Anhydrous: make concentrated solution by dissolving 0.010g CdCl 2 in 0.050L water; pipet appropriate volume into beaker e. Copper Chloride Dihydrate: make concentrated solution by dissolving 0.010g CuCl 2 ·2H 2 0 in 0.050L water; pipet appropriate volume into beaker f. Manganese Chloride: make concentrated solution by dissolving 0.010g MnCl 2 in 0.050L water; pipet appropriate volume into beaker g. Hexanoic Acid: make concentrated solution by pipeting 1.0mL hexanoic acid in 0.050L water; pipet appropriate volume into beaker h. Isobutyric Acid: make concentrated solution by pipeting 1.0mL isobutyric acid in 0.050L water; pipet appropriate volume into beaker i. Isovaleric Acid: make concentrated solution by pipeting 1.0mL isovaleric acid in 0.050L water; pipet appropriate volume into beaker j. Creatinine: make concentrated solution by dissolving 2.400g creatinine in 0.250L water; pipet appropriate volume into beaker k. Creatine monohydrate: make concentrated solution by dissolving 1.000g creatinine monohydrate in 0.250L water; pipet appropriate volume into beaker l. Pyridoxine Hydrochloride: make concentrated solution by dissolving 0.010g pyridoxine hydrochloride in 0.050L water; pipet appropriate volume into beaker m. Folic Acid: make concentrated solution by dissolving 0.010g folic acid in 0.050L water; pipet appropriate volume into beaker
If necessary, add drop of 5N NaOH to clear folic acid stock solution n. Ascorbic Acid: make concentrated solution by dissolving 0.090g ascorbic acid in 0.050L water; pipet appropriate volume into beaker o. Inositol: make concentrated solution by dissolving 0.015g inositol in 0.050L water; pipet appropriate volume into beaker p. Choline Chloride: make concentrated solution by dissolving 1.000g choline chloride in 0.050L water; pipet appropriate volume into beaker q. p-Aminobenzoic Acid: make concentrated solution by dissolving 0.010g paminobenzoic acid in 0.050L water; pipet appropriate volume into beaker
To dispense the required aliquots use the pipettes for the appropriate volumes listed in Table I . dissolve the vitamins (riboflavin, nicotinic acid, and D-pantothenic acid) and these steps must be followed exactly to successfully prepare the sweat: Return sweat solution used for pH check to the mixing container 8. Using plastic forceps, gently remove the dissolution chamber from the solvent and carefully shake to remove excess liquid 9. Transfer the powder-exposed liquid into a clean numbered borosilicate glass sample jar and record the sample contents, time, and any other pertinent data on the Sample Data Sheet 10. Place each borosilicate glass jar in the water bath by the surface area analyzer to maintain the desired temperature 11. Return the static dissolution chamber to its appropriate container, immerse in equilibrated solvent, cover with lid, and return to incubator 12. Repeat steps until the solvent has been changed in all samples 13. Using a sterile pipet or beaker, add 80mL of fresh simulated sweat to each of the empty labeled autoclaved polypropylene jars with screw-top lid and place in incubator to equilibrate solvent prior to next scheduled change out 14. Measure the pH of solvent in each borosilicate glass sample jar at the desired temperature using calibrated electrode a. Record the sample pH (and temperature if more than ±0.5°C from the set temp) on the "pH Monitoring Data Sheet" b. Rinse probe with distilled and deionized water and blot dry between samples 15. After determining pH of all samples, weigh each jar 16. Place jars in -10°C freezer for storage until analysis by spectroscopy 
Nickel 45°C
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